Abstract: Charged particle sources based on photoionisation of laser cooled atoms can provide unique properties, in particular high spatial coherence and the ability to create complex threedimensional spatial density distributions, allowing detailed measurement of the internal charged particle interactions. Cold electrons extracted from laser cooled atoms promise the spatial coherence and high current required for picosecond molecular scale imaging. Similarly, sources of cold ions provide the opportunity of ion microscopy and ion beam milling with unprecedented resolution. We use arbitrary and real-time control of the electron and ion bunch shapes to demonstrate and measure the high spatial coherence of the cold atom electron and ion source.
Introduction
Ultrafast electron diffractive imaging of biological molecules [1] [2] [3] and defects in solid state devices [4] can provide valuable information on dynamic processes at the nanoscale. For example, determination of the structure and function of proteins is important for understanding key aspects of biomedical science and consequent applications including rational drug design [5] . High brightness and high coherence are required to achieve the necessary spatial and temporal resolution, but the effective brightness of electron sources has been limited by non-linear divergence caused by repulsive interactions between the electrons, known as the Coulomb explosion. It has been shown that electron bunches with ellipsoidal shape and uniform density distribution have linear internal Coulomb fields [6] , which allows for reversal of the Coulomb explosion using conventional optics. The creation of such shaped bunches has been a major goal of charged particle optics for applications in imaging and also charge injection for third generation synchrotrons, X-ray free electron lasers, and particle accelerators [7] to deliver the maximum possible brightness at the target [8, 9] .
Charged particle sources based on photoionisation of laser cooled atoms are promising new approaches which in principle can achieve the transverse spatial coherence and brightness needed for picosecond diffractive imaging with nanometre resolution [10] . A unique aspect of cold-atom charged particle sources is the internal structure of the atoms, which provides a unique capability for three-dimensional control of the bunch shape [6] . In addition to the ability to produce uniform density ellipsoidal electron bunches, shaping allows for real time diagnostic measurements of the beam quality, without experimental complications such as insertion of apertures or masks. We have recently demonstrated arbitrary shaping in three dimensions (Nature Physics, McCulloch et al., 2011 [13] ). Here we show that arbitrary shaping allows detailed measurement of the spatial coherence properties of the cold electron source. We also show remarkable ion bunch shape formation and evolution, with direct visualisation made possible by the very cold (milli-Kelvin) ions.
Experiment
Cold rubidium-85 atoms were collected in a magneto-optical trap formed between two electrodes (Fig. 1) . Atoms were selectively excited on the 5S 1/2 (F = 3) to 5P 3/2 (F = 4) transition (780 nm) and subsequently photoionised (480 nm) or excited to Rydberg states which field-ionised. For manipulation of the density distribution of the charged particle bunches and creation of arbitrary density distributions (Fig. 2) , a spatial light modulator (SLM) was used to control the intensity profile of the excitation laser beam. The SLM was programmed to display a holographic phase mask computed using an iterative Gerchberg-Saxton algorithm. The electrons or ions were extracted with a constant electrostatic field (40kV/m), detected with a microchannel plate charge amplifier and phosphor screen, and imaged with a cooled interline transfer CCD camera. Typically 10 5 electrons or ions (20 fC) were extracted per photoionisation pulse.
To determine the coherence properties of the source, electron bunches were created with a 1D sinusoidal density distribution. The visibility of the propagated electron profile is related to the transverse spatial coherence function in close analogy to the visibility of a two-slit interference fringe pattern commonly used to characterise source coherence [14] . Fig. 2 shows the fringe visibility measured with increasing sinusoidal spatial frequency. A Gaussian fit to the visibility can be directly related to the fundamental properties of the initial electron bunch, such as the transverse coherence length. The temperature of the cold atom cloud prior to ionisation is approximately 70 ȝK. Immediately after ionisation, disorder-induced heating quickly raises the electron temperature to about 10 K, but the heavy ions remain cold. Fig. 3 shows the development of shell structure, seen in projection as rings and honeycomb, in the ion bunches, structure which would otherwise be lost due to thermal diffusion.
The comparatively slow propagation time for ions, orders of magnitude longer than for electrons, results in compression of the ion bunch. Ion-ion interactions then have significant affect on the bunch structure at much lower total charge than for electrons. Future experiments will investigate such space-charge effects in ion bunches created by prompt excitation with a femtosecond laser.
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